Understanding the relative toxicities of different modes of nanoparticle exposure as compared with their dissolved metal ions are emerging areas in ecotoxicology. Here we report on bioavailability, toxicity, and bioaccumulation of carboxyl-functionalized CdSe/ZnS quantum dots (QDs) to the amphipod Leptocheirus plumulosus exposed to equivalent Cd concentrations via dissolved Cd, QDs in water or QDs in algal food. Both modes of QD exposure were accumulated to greater extent than dissolved Cd. Exposure to QDs via algae resulted in high amphipod mortality. Cadmium and Se in amphipods exposed to QDs in water were highly correlated and spatially localized within the amphipod. In contrast, when exposed to QDs via algae the metals were more disperse and not highly correlated suggesting QD dissolution and resultant metal ion toxicity. This study suggests QDs are accumulated to a greater extent than the dissolved ion and could lead to trophic transfer. QDs ingested with algae are bioavailable and result in toxicity which is not observed in the absence of algae.
Introduction
The technological advances associated with nanomaterials and their many applications have resulted in the introduction of metal contaminants in the form of nanoparticles with unknown consequences to natural ecosystems. Understanding the physical and ecotoxicological properties of nanoparticles in natural aquatic systems is critical to developing adequate regulatory structures to protect aquatic ecosystems from their detrimental effects. An increasing number of studies have demonstrated both sub-lethal and toxic effects of engineered nanoparticles (ENPs) to bacteria, [1] [2] [3] [4] invertebrates, 5,6 fish 7 and mammals. 8 Fewer studies have investigated the bioavailability and effects of ENPs on primary and secondary consumers in aquatic food webs. Moreover, the extent to which benthic vs. pelagic organisms will be exposed to ENPs is a critical knowledge gap. 9 Evaluation of potential exposures of ecosystems to ENPs involves aspects of biological fate as well as toxicity. The biological fate of contaminants in aquatic ecosystems results from uptake and assimilation from both food and water by pelagic and benthic organisms. [10] [11] [12] [13] [14] [15] Our own studies and those of others have shown that Cd, As, and Hg are taken up by Leptocheirus plumulosus, and Fundulus heteroclitus, via food and water. [16] [17] [18] Uptake via food accounts for up to 85% of uptake of Cd by L. plumulosus and toxicity increases with bioaccumulation. Ingestion of food and sediments was also found to be the principal uptake of Ag by marine invertebrates. 19 Past studies of metal contaminants in lake food webs have shown that certain metals biomagnify (Hg, Zn), others biodiminish (Pb, As) while Cd increases from algae to zooplankton and decreases to fish. [20] [21] [22] [23] To date few studies have investigated trophic transfer of metal-based ENPs. 9, 24 In a planktonic food web, Holbrook et al. 24 studied uptake and trophic transfer of carboxylated and biotinylated QDs to bacteria (E. coli), ciliates (T. pyriformis) and rotifers (B. calyciflorus). Trophic transfer of QDs between bacteria and ciliates was not observed but ciliates did accumulate QDs from the water column. Trophic transfer of QDs between ciliates and rotifers occurred but no biomagnification by the rotifers was observed. Bouldin et al. 6 studied trophic transfer of QDs from the algae P. subcapitata to C. dubia. An increase in characteristic fluorescence for C. dubia fed with the highest dosed algal treatment indicated uptake of the QDs; however, it was not clear whether the QDs were assimilated by the higher organism. QDs biomagnified in a microbial food chain to a greater extent than an equivalent concentration of dissolved Cd. 25 Additionally, QDs remained intact in the predator and therefore available to higher trophic levels.
Uptake of ENPs by aquatic organisms will be largely dependent on the feeding mode of the organism (e.g. filter feeding, grazing, predation) as well as the ultimate form of ENPs in the aqueous medium resulting from processes of dissolution or aggregation. The extent to which these particles will be available to benthic feeders has not been investigated. 9 For filter feeders the distance between the setae of filtering appendages determines the range of particle size which are most efficiently captured. 26 In most cases, the larger the particle size the more readily it is consumed. Thus, conditions which favor aggregation of ENPs may favor ingestion by particle feeders. Ward and Kach 5 have recently shown that suspension feeders such as mussels and oysters ingest aggregated ENPs to a much greater extent than single ENPs. Aquatic invertebrates themselves may influence the particle size distribution of inorganic colloids in the water column 27 which may influence the bioavailability of ENPs.
In this study we report on the bioavailability of QDs to the amphipod L. plumulosus by comparing the effects of exposure via algal food (algae, Isochrysis galbana) with exposure directly from water. We hypothesize that uptake of QDs by the algae may result in an increase in bioavailability to L. plumulosus due to either ingestion of algal cells containing QDs or aggregation of QDs into ingestible particles. This would result in increasing body burden and, potentially, toxicity.
Materials and Methods

Quantum Dots
Quantum dots were purchased from Invitrogen (Eugene, OR) in 250 µl amounts. We used the 655 nm (florescence emission wavelength) QDs surface functionalized by carboxyl polymers which results in an overall particle size (including the polymer coating) of 15-20 nm. We were unable to learn more specific details on the nature of this carboxyl polymer. These QDs are CdSe cores with a ZnS outer layer. The QDs are shipped in 50mM borate solution at a stated concentration of 8 µM QDs (particle number) and 2mM total Cd concentration. As shown in Table 1 and discussed later, dissolved Cd is essentially zero in the QDs as supplied by the manufacturer. We diluted these QDs by 1000X and measured zeta potential (Malvern NanoZS, Malvern, UK) as −29 ± 7 mV.
Exposures
We conducted a number of exposure assays over the course of this study which all followed the same basic procedure. All treatment exposures were performed in triplicate. Leptocheirus plumulosus were cultured in the laboratory using standard methods. 28 Isochrysis galbana was cultured in f/2 medium. 29 All cultures and tests used 20 parts per thousand (ppt) artificial seawater prepared with Instant Ocean ® (20 g of Instant Ocean salts dissolved in 1 L of deionized water) and were housed in a temperature controlled room at 20°C with a 16:8 h light:dark photoperiod. pH of these waters was 7.4 -8.0, hardness was 3660 ppm CaCO 3 and ionic strength was 0.34 M. For each test, adult amphipods were harvested by passing mixed-aged cultures through a 2 mm sieve and collecting animals retained on a 1 mm sieve. These animals were allowed to depurate for 4 h before being added to test chambers. A small volume (50 µl in all instances except the 'LC 50 ' test which used a range of volumes) of the QD suspension was added to 100 ml of I. galbana culture and allowed to incubate overnight. An equivalent volume of QD suspension was added to 100 mL of 20 ppt seawater. Ten mL of these algal-QD or aqueous-QD suspensions were added to glass test chambers containing 150 mL 20 ppt seawater and 20 L. plumulosus individuals (except the LC 50 test which used 10 individuals); this 10 mL addition was repeated at 24 and 48 hours. For some exposure assays, a concentration of dissolved Cd (as CdCl 2 ) equivalent to the total Cd of the QD exposures was included as a treatment. Exposure tests included equivalent control exposures (i.e. algae or no algae but no QDs or aqueous Cd) and survival in these treatments was > 90%. All exposure assays were assessed after 96 h; mortality was defined as inability to move when prodded. Except for the first exposure assay, surviving amphipods were removed from test chambers, rinsed in 3 successive baths of 20 ppt seawater, and transferred to glass chambers containing 20 ppt seawater for a 24 h depuration period before being freeze-dried for further analytical characterization. LC 50 values with 95% confidence intervals were calculated for pooled survival data by probit analysis using U.S. EPA probit (Ver 1.5).
We calculated free Cd 2+ activity in the exposures using major cation and anion data for Instant Ocean (www.instantocean.com) at the 20 ppt salinity in our exposures. We used the chemical equilibrium modeling software Visual Minteq (http://www2.lwr.kth.se/english/). We assume the calculated activity can be expressed as a molarity and convert this to an equivalent µg l −1 as these units are often used to express LC 50 values.
Particle size analysis of algal-QD and aqueous-QD solutions
Aliquots of the algal-QD and aqueous-QD solutions were filtered through centrifuge filters of 0.65 µm, 0.1 µm and 3KDa (Millipore, Billerica, MA). After acid digestion, the concentration of Cd, Zn and Se in the filtrates and the unfiltered solution were determined by ICP-MS (Agilent 7500cx, Santa Clara, CA). We tested retention of ions by the spin filters by running true dissolved solutions of Zn, Se and Cd ions, prepared from dilution of single element ICP-MS calibration standards to 1, 1 and 4 mg L −1 , respectively, through each of the individual filters. 100% recovery for each ion was recorded in the filtrate from each spin filter.
Dissolved organic carbon (Tekmar Dohrmann Apollo 9000, Teledyne, Tekmar, Mason, OH) was measured in selected algal and amphipod treatments at the beginning and end of the amphipod exposures.
Analytical characterization was conducted for total concentration and spatial distribution of QDs in L. plumulosus. Total body burden of QDs was assessed by determining the Cd, Zn and Se concentration of the organisms. The organisms were acid digested in open vessels at 105°C followed by analysis of the diluted digestate by ICP-MS. Spatial distribution of Cd, Zn, Se and Ca was assessed by 2D elemental mapping of these elements within the whole organism using laser ablation (New Wave UP213, Freemont CA) coupled to ICP-MS (Agilent 7500cx, Santa Clara, CA). Multiple exposed organisms were formalin fixed, alcohol dehydrated and embedded in paraffin at the Dartmouth Medical School Histology laboratory. The samples were then sectioned at 20 µm and mounted on microscope slides for LA-ICP-MS analysis. For LA-ICP-MS an approximately 1 cm 2 area of the section was analyzed and was selected to include sections from at least four individuals from each treatment. The analysis was conducted as a series of line scans 40 µm apart. The laser spot size was 40 µm and scan speed was 80 µm sec −1 for each line scan. The ICP-MS was operated in reaction mode with H 2 as the reaction gas at a flow rate of 2.5 ml min −1 ; this is optimum for Se analysis and was not detrimental to the Cd or Zn signal response. A data file was collected for each line scan in time resolved mode with time points at 500 msec intervals. Data was exported as time vs. response files which were then concatenated and edited to include Y positional information and replace the time variable with the equivalent X positional variable (each time data point corresponded to 40 µm in the X direction). The data was then opened in the SMAK software package 30 for image processing and data analysis.
Statistical analysis
All statistical analysis was performed in JMP ver 9.0.2 (SAS Institute, Inc, Cary, NC). Standard means comparisons were conducted by ANOVA and Tukeys HSD test.
Results and Discussion
Our initial exposure assay was conducted at one exposure concentration of QDs equivalent to 3.6 ppm Cd in the algal and aqueous (saline) suspensions, which would result in a final exposure concentration of 543 µg l −1 total Cd to the amphipods (30 ml of algal or aqueous suspension added to the initial 150 ml volume for the amphipod exposure) assuming all the QDs remained in suspension in the algal and aqueous treatments. Our algal exposure concentrations are similar in total Cd concentration to another recent study focused on CdTe/CdS bioaccumulation to Chlamydomonas reinhardti. 31 While all the metal(oid)s, Cd, Zn and Se, which constitute the QD are known to be toxic to aquatic organisms in the dissolved form, we focus on Cd because it is the most acutely toxic. Additionally, Cd concentration in the QDs is 58mM, compared with 23 mM Zn and 1 mM Se. Dissolved Cd LC 50 values for L. plumulosus in 15 ppt salinity water have been reported as 880 µg l −1 which we calculate equates to a free Cd 2+ activity of 26 µg l −1 , and our exposure concentration was below this LC 50 for Cd 2+ activity. We contrasted the QD exposures via algal and aqueous solution with equivalent dissolved Cd treatments via algal and aqueous exposures, assuming the 'worst case scenario' that all Cd in the QDs would be bioavailable. The mortality and Cd body burden results are shown in Figure 1A and 1B, respectively. For mortality a significant difference between the treatments was observed (p < 0.001) with the algal-QD treatment having greater mortality than the others. When amphipods were exposed to equivalent QD concentrations without the algae or aqueous Cd 2+ with or without algae essentially zero mortality was observed ( Figure 1A ). For the aqueous Cd 2+ treatments the high Cl levels of saline test solutions would lead to significant ion pairing of Cd, thus a reduction in free Cd 2+ concentrations. Additionally the high ionic strength of the test solutions would further reduce the free Cd 2+ activity; we calculate the Cd 2+ activity in these exposures to be ca. 11.5 µg l −1 , less than half the value calculated above for the LC 50 at 15 ppt salinity. Hence, it is perhaps unsurprising that no mortality was observed for the Cd 2+ treatments. The difference in mortality between the aqueous-QD (no mortality) and algal-QD treatments (64% mortality) was unexpected and clearly points to a difference in toxicity between these two treatments. It also seems clear that the toxicity of the algal-QD treatment is not related to dissolved Cd (or Se or Zn) as the free Cd 2+ activity in the water column is < 0.5 µg l −1 based on the total dissolved Cd shown in table 1.
The mortality results are not explained simply by uptake as the body burden of Cd in amphipods is significantly higher (p < 0.0003) in the aqueous-QD exposure (630 µg g −1 ) than the algal-QD treatments ( Figure 1B) . Previous work by our group has shown that when D. magna are exposed to QDs in aqueous solution the QDs are not assimilated within the organism but are concentrated in the gut. 33 Hence we repeated the amphipod exposures but allowed the animals to depurate for 24 hours and monitored Cd body burden over this time period (supplemental Figure 1) . Again in this assay 'Cd uptake' by organisms exposed to aqueous-QDs was greater than the algal-QD treatment and both of these were much greater than their aqueous Cd 2+ equivalents. Body burdens in the aqueous-QD treatment decreased rapidly and by 24 hrs they were not significantly different than the algal-QD treatment although the aqueous-QD treatment remained significantly higher than the Cd 2+ exposures at 24 hrs.
The difference in toxicity between the two exposure treatments is clearly evidenced in Figure 2 where the dose response of L. plumulosus to QD concentration was measured and the LC 50 for the algal and aqueous exposures calculated. LC 50 values were calculated based on the manufacturer provided concentration of QDs of 8 µM (particle number) in the stock suspension. The LC 50 values calculated by the EPA probit software (http://www.epa.gov/ eerd/stat2.htm), for the algal and aqueous exposures were statistically different from each other and were 0.61 nM (95% CI, 0.48 -0.77) for algal exposure and 2.93 nM (95% CI, 2.2 -5.45) for aqueous exposure, although it should be noted that 50% mortality was not achieved in the aqueous-QD treatment and the confidence intervals around the calculated LC 50 are quite large. However, there is clear a dose/response relationship for both treatments and difference in toxicity between the treatments.
The acute toxicity data indicate a clear difference in toxicity between the QD exposure via algae and exposure via the water column to L. plumulosus. However, it is not clear that this is a result of trophic transfer as body burden of QDs is greater in the aqueous than the algal exposure. We hypothesized that differences in particle size could be affecting the observed difference in mortality between the two treatments. ENPs have been shown to bind the surface of algal cells 34 and the resultant particle size of these algal cell/QD aggregates may cause them to be effectively assimilated compared to dispersed QDs. 5 However, because the exposure assays were conducted in solutions of 20 ppt salinity it is possible that aggregation may also have been favored in the aqueous-QD exposures. We examined the effective particle size range in each of the treatment exposures by filtering aliquots through 0.65 µm, 0.1 µm or 3 KDa centrifuge filters. This was done for the algal-QD exposure and the aqueous-QD (saline) exposure and, for comparison with a truly dispersed system, an equivalent volume of QDs dispersed in deionized water. We also determined this size fractionation scheme in the water column for the two L. plumulosus QD exposure treatments at 96 hrs. Results for the filtration at different particle sizes are presented in Table 1 . For QDs suspended in deionized water essentially no ions passed through the 3KDa filter while 100% passed through the 100 nm (and 650 nm) filter. Clearly the QDs stay dispersed in DI water over 24 hrs and do not dissolve. Interestingly, the levels of Se and Cd we measured for these QDs are much different that the 1:1 stoichiometry predicted for the CdSe core. In fact, the Cd:Se molar ratio is 60, and the Cd concentration in the QD suspension is 58 mM rather than the 2 mM specified by the manufacturer. Nevertheless, this excess Cd is part of the nanoparticle as none passes through the 3KDa filter; it may be present as CdS, with the ZnS layer or bound to the polymer carboxyl functional groups coating the inorganic core.
Comparing the concentrations of Cd in the unfiltered samples for algal-QD treatment with an equal amount of QDs dispersed in DI water, there is a 66% loss of Cd from the water column for the algal-QD indicating the QDs were bound to large aggregates that immediately settled. For the Cd remaining in the water column in the algal-QD only 5% of Cd was < 650 nm and 2.5% of this was dissolved Cd (< 3KDa). Clearly QDs in the algal treatment were aggregated, presumably bound to the algal cells. A recent study presented evidence, based on intracellular Cd and Te concentrations, that CdTe/CdS QDs cross the cell membrane of algae and are internalized. 31 However, attempts at imaging or fluorescence of intracellular intact QDs were not successful and the possibility that the internalized QDs had dissolved could not be discounted. Similarly for our study, strong autofluorescence of the algae hindered spectroscopic examination of whether the QDs were internal or external to the cell. Other studies have shown that ENPs bind to the algae cell surface but are not internalized. 34, 35 Although not measured here, our previous studies have shown that only 22% of initially dissolved Cd 2+ partitions to the algae in 20 ppt saline solutions. 36 For the QD suspension in 20 ppt saline the Cd concentration in the unfiltered samples was 22% less than the fully dispersed DI QD sample, again indicating some large aggregation. However, for the QDs remaining in suspension 100 % were < 100 nm while only 6% were < 3KDa, so there was some QD dissolution leading to free Cd, but 94% of the Cd in the sample appears to be in the form of dispersed QDs or small aggregates thereof. It would appear that the surface charge generated by the carboxyl polymer functional groups is high enough to keep the QDs dispersed despite the high ionic strength of the saline solution. The difference in aggregation between these two treatments was confirmed by TEM where individual QDs could be discerned in the aqueous-QD treatment while clustering and aggregation was apparent in the algal-QD treatment (supplemental Figure 2) . In the two L. plumulosus exposure solutions tested at the end of the 96 hr exposure period, there was very low metal concentration in the unfiltered water column sample, hence aggregation and particle settling had removed all QDs from the water column.
Dissolved organic carbon measurements in the algal-QD and aqueous QD treatments were 6.4 and 4.5 mg l −1 , respectively at the beginning of the amphipod exposures and 12.7 and 3.5 mg l −1 , respectively at the end of the amphipod exposure period. The greater DOC in the algal treatment was presumably due to either lysed cells or algal exudates. The DOC in the amphipod exposures at 96 hours were 5.82 and 0.56 mg l −1 for the algal-QD and aqueous-QD treatments respectively. For the aqueous-QD amphipod exposure, the 0.56 mg l −1 DOC is in good agreement with the simple dilution of the aqueous-QD stock as it is added to the L plumulosus exposure solution (30 ml of stock solution to a final volume of 180 ml for the exposure solution). However, the DOC in the algal-QD amphipod exposure is approximately twice the highest value it could be through dilution of the algal-QD treatment. We postulate that DOC may be higher in this treatment because the amphipods are feeding on the algae and excreting during the duration of the test whereas they are not feeding in the aqueous-QD exposure. It is also possible that dead amphipods in the algal-QD exposure release soluble organic contents which increase DOC.
The results of all the filtration measurements suggest that the QDs either stayed intact and dispersed or aggregated but did not dissolve to an appreciable extent. This further suggests that uptake by the amphipod is by feeding/intake of particulates not uptake of dissolved ions in the water column. Furthermore the DOC measurements suggest amphipods may be actively feeding in the algal-QD exposure but not in the aqueous-QD exposure.
The mechanism of toxicity of the algal-QD exposures was still not clear. It is possible that the greater particle size of QDs in the algal treatment facilitates their ingestion and assimilation by the amphipod. Digestion with algae may lead to dissolution of the QDs and toxicity of Cd or Se. We investigated this hypothesis by determining the spatial distribution of Cd, Zn, Se and Ca in exposed organisms using LA-ICP-MS of 20 µm thick sections of exposed amphipods. The elemental distributions are shown in Figure 3A ,B. Multiple individual organisms from each treatment were embedded and sectioned and an area (ca. 1 cm 2 ) that covered 4 organisms was selected for LA-ICP-MS analysis. The Zn elemental map is not shown because, as well as being present in the QDs, it is a constituent element of the amphipod and its elemental distribution is not informative as to QD location or dissolution. Instead, the elemental map for Ca is shown as Ca is present throughout the whole organism and is a good proxy for an optical image of the orientation of organisms on the section. While these types of false color elemental images are somewhat subjective, clear differences between the two treatments are apparent. Cadmium and Se are more dispersed, and assimilated, in the organisms exposed to QDs via algae whereas Cd and Se remain highly localized in the aqueous-QD exposure and appear to be located exclusively in the gut. This is a similar elemental distribution as we observed by synchrotron XRF for D. magna exposed to QDs in the water column. 33 Furthermore, the Cd, Se elemental overlay image clearly shows co-localization of Cd and Se for the aqueous exposures and, more definitively, areas of high Se, low Cd and vice versa for the algal-QD exposures. The pixel size for the laser ablation analysis was 40µm, clearly too large to be conclusive about the integrity of individual QDs of ca. 5 nm for the aqueous exposure, i.e. Cd and Se could appear in the same pixel even though the QD was no longer intact and Cd and Se ions where no longer present as the CdSe core. However, the observation of spatially distinct areas of high Cd and low Se at this pixel scale for the algal-QD exposures indicate some measure of dissolution of QDs in this treatment; i.e. there is no way to have high Cd and low Se except for the QD to have broken down in some fashion releasing either Cd ions, Se ions or both. The differences in Cd and Se distribution between the two treatments are more quantitatively presented in Figure 4 where the Cd vs. ICP-MS response for each pixel is plotted. The Cd and Se ICP-MS responses are highly correlated for the aqueous-QD exposures (R 2 = 0.95, Figure 4B ) whereas the correlation is not strong for the algae-QD exposure (R 2 = 0.6, Figure 4A ) which again supports the observation QD dissolution in the algal exposure but not in the aqueous exposure.
The LA-ICP-MS data suggests assimilation of the QDs in the algal-QD treatment and not the aqueous-QD treatment which would explain the much greater toxicity observed for the QD exposure. We hypothesize that exposure via algae stimulates a digestive response leading breakdown of the QDs. Metal assimilation has been shown to be related to food quality, with particle retention time within the organism being positively related to particle nutritional value. 37, 38 As discussed above, the Cd concentration of these QDs is much greater (58mM) the 2 mM stated by the manufacturer and 60X in excess of the 1:1 molar stoichiometry with The excess Cd may be present in the ZnS coat or bound to the polymer carboxyl outer layer. This carboxyl polymer may also stimulate digestion and subsequent Cd assimilation as has documented for Cd bound to bacterial extracellular polymeric coatings. 39, 40 It is also possible that the polymer coating itself might cause a toxic response in L. plumulosus, While surface coatings have been shown to modulate the toxicity (arising from Cd ions) of CdSe QDs, 41 toxicity arising from ENP surface coatings has been reported in other instances. 42 We have shown large differences in bioaccumulation (of Cd) in the amphipod L. plumulosus, when exposed to CdSe QDs via algae or the water column compared with an equivalent exposure to ionic Cd, indicating a greater potential for QDs to be trophically transferred. Furthermore, amphipods exposed to QDs via algal food exhibited much greater mortality than when exposed to QDs in the water column or to an equivalent exposure of ionic Cd (via algae dissolved). These results confirm the potential for QD bioaccumulation in benthic and pelagic foodwebs. This is one of the first studies to show a dramatic difference in toxicity of a metallic ENP compared with an equivalent concentration of dissolved metal ions.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Mortality data for L. plumulosus exposed to increasing concentrations of QD via algae and in the absence of algae. There were 3 replicate exposures per treatment and 10 animals per replicate. Elemental distribution of Cd, Se, Ca and Cd/Se overlay in algal-QD exposed amphipods (top four images) or aqueous-QD exposed amphipods (bottom four images). Cadmium vs Se intensity scatter plots from laser ablation ICP-MS data for algal-QD exposed amphipods (A) and aqueous-QD exposed amphipods (B) Inserts show data around the x,y origin and substantiate the greater spread of Cd, Se data in the QD-algae treatments. Table 1 Concentration of Cd, Se, Zn in QDs suspended in DI water, in 20 ppt saline with algae and 20 ppt saline without algae after 24 hrs and in the amphipod exposures at 96 hrs. 
